Micrococcus sp. strain 12B was isolated by enriching for growth with dibutylphthalate as the sole carbon and energy source. A pathway for the metabolism of dibutylphthalate and phthalate by Micrococcus sp. strain 12B is proposed:
yl-, diethyl-, dibutyl-, dihexyl-, butylbenzyl-, and diisobutylphthalate, as well as butylphthalylbutylglycolate. Phthalate and other aromatic acids, including m-hydroxybenzoate, p-hydroxybenzoate, anthranilate, protocatechuate, and gentisate, also support growth. Strain 12B does not grow with aliphatic alcohols, including methanol, ethanol, butanol, isobutanol, and n-hexanol.
Strain 12B-Cl was one of several spontaneous mutants derived during growth on nutrient broth at 37°C. It is unable to grow with all of the phthalate esters and phthalate (anion). This strain did not revert to the phthalate-positive phenotype at frequencies greater than 10-9.
Cultivation of organisms and preparation of cell-free extracts. An overnight 50-ml culture in R medium [containing, per liter of distilled water: 67 mmol of KH2PO4-NaOH buffer, pH 6.8; 1.2 g of (NH4)2SO4; 0.4 g of MgSO4-7H2O; 0.1 g of FeSO4 7H2O; and 0.02 ml of concentrated HCI] plus 0.1% carbon source and 0.02% yeast extract was used to inoculate 1 liter of the same medium in a 2.8-liter Fernbach flask. After incubation for 16 h at 30°C and 200 rpm on a gyratory shaker, this culture was harvested by centrifugation at 9,000 to 9,500 x g for 15 min. Cells were washed twice with 10 volumes of 50 mM KH2PO4-NaOH buffer, pH 6.8, and resuspended in 1 to 2 volumes of this buffer. For the large-scale cultivation of cells, a 1-liter culture was used to inoculate 9 liters of R medium in a 14-liter Microferm fermentor (New Brunswick Scientific Co., Inc., New Brunswick, N.J.). The culture was aerated with forced air at 4 liters/min and stirred at 200 rpm. After incubation at 30°C for 16 h, the culture was harvested with an air-driven Sharples super centrifuge type Ti at 15 lb/in2.
Cell-free extracts were prepared by passing a cell suspension once or twice through a chilled French pressure cell (American Instrument Co., Inc., Silver Spring, Md.) at 12,000 to 20,000 lb/in2. Soluble extract was separated from particulate debris by centrifugation at 27,000 x g for 40 min at 4°C, giving protein concentrations of 3 to 4 mg/ml.
Chemicals. Potassium hydrogen phthalate and 4-hydroxyphthalate were obtained from Eastman Organic Chemicals; protocatechuate was from Aldrich Chemical Co.; p-hydroxybenzoate was from K & K Laboratories; 2,4-lutidinic acid was from Pfaltz and Bauer; lactate dehydrogenase (beef heart type III), NAD+, and NADH were from Sigma Chemical Co.; and malate dehydrogenase was from BoehringerMannheim. Dimethylphthalate, diethylphthalate, and dibutylphthalate were gifts from Eastman Chemical Products. The lactone of oxalocrotonic acid (2-hydroxymuconic acid lactone) was synthesized by the method of Wiley and Hart (19) . 3,4-Dihydroxyphthalate was prepared by the acid hydrolysis of its 2-methyl ester (4). 4,5-Dihydroxyphthalic acid was prepared biologically from phthalate, using Pseudomonas testosteroni NH1024 as described by Nakazawa and Hayashi (12) . A sample prepared by the method of Edwards et al. (5) to first synthesize m-hemipinic acid from veratric acid was provided by B. G. Pujar. The m-hemipinic acid was then demethylated by using boron tribromide, and the orthoboric acid formed was hydrolyzed with water to give 4,5-dihydroxyphthalate.
Enzyme assays. Oxygen consumption was measured polarographically with a Clark oxygen electrode connected to an amplifier (model 53; Yellow Springs Instrument Co., Yellow Springs, Ohio) and recorded with a strip chart recorder (Soltec Corp., North Hollywood, Calif.). A typical assay mixture contained 2.9 ml of 50 mM KH2PO4-NaOH buffer, pH 6.8, 20 to 50 p.1 of cell suspension or 50 to 100 ,ul of cell-free extract, 20 to 50 ,u1 of appropriate cofactors (25 mM), and 25 to 100 ,ul of substrate (25 mM). The reaction mixture was maintained at 30°C.
Carbon dioxide evolution was measured potentiometrically with a carbon dioxide electrode connected to an acid-base analyzer (Radiometer/Denmark, distributed by the London Co., Inc., Cleveland, Ohio). A water-jacketed reaction vessel fitted with both carbon dioxide and oxygen electrodes allowed the simultaneous measurement of oxygen consumption and carbon dioxide evolution at a constant temperature of 30°C. A typical reaction mixture contained 6.0 ml of 50 mM KH2PO4-NaOH buffer, pH 6.8, 10 p.l of carbonic anhydrase (10 mg/ml), 100 to 200 Ipl of cell-free extract, and 25 to 100 p.l of substrate (25 mM).
Esterases were assayed with a Metrohm Herisau Combi-Titrator type 3-D. Acid produced by ester hydrolysis was titrated with NaOH standardized with potassium hydrogen phthalate. The reaction vessel contained 5 ml of 1 mM KH2PO4-NaOH buffer, pH 6.8, 0.2 to 0.5 ml of cell suspension, and 2 to 4 p.l of undiluted phthalate ester. The assays were carried out at room temperature (23°C).
Spectrophotometric assay mixtures contained 2.9 ml of buffer, 20 p.1 of substrate (25 mM), 2 to 20 p.l of the appropriate cofactors (25 mM), and 20 to 50 p.l of cell-free extract in a 3.5-ml quartz cuvette. Reactions were followed by repeatedly recording spectra as the reaction proceeded at room temperature (23°C).
Spectral determinations. UV-visible spectra were recorded with a Perkin-Elmer Coleman 124 doublebeam spectrophotometer at 1 nm/s, using 1-cm-pathlength quartz cuvettes.
Proton magnetic resonance (PMR) spectra were obtained by R. Block of the Papanicolaou Cancer Research Institute with a Varian HA 100-D15 spectrometer at 100 MHz. Samples were dissolved in D20; the internal standard was hexamethyldisilane. Mass spectra were obtained by R. Bottcher of the Department of Chemistry at Florida State University with an AEI MS 902 spectrometer operating in the electron impact mode.
Protein determination. Protein was determined by the method of Bradford (1), using bovine serum albumin as the standard.
Preparation of two intermediates from protocatechuate. The ring cleavage product was prepared from protocatechuate in a reaction mixture containing (i) 40 ml of dialyzed extract of phthalate-grown strain 12B (105 mg of protein) which had been centrifuged at 85,000 x g for 2 h to remove a particulate NADH oxidase and (ii) 160 ml of 50 mM KH2PO4 buffer, pH 7.5. At 0 and 25 min, 4 ml of 220 mM protocatechuate was added, and the incubation was carried out at room temperature with shaking for 45 min. The mixture was acidified to pH 1.8 with perchloric acid and cooled to 4°C, and protein was removed by centrifugation. A derivative of 4-carboxy-2-hydroxymuconic semialdehyde (CHMSA), 2,4-lutidinic acid (pyridine-2,4-dicarboxylic acid), was prepared as previously described (Table 3) .
For each nanomole of 3,4-dihydroxyphthalate provided to extracts of phthalate-grown strain The metabolism of protocatechuate by extracts of strain 12B grown with phthalate was followed spectrophotometrically (Fig. 2) lutidinic acid (pyridine-2,4-dicarboxylic acid), was prepared by the reaction of CHMSA with NH4' and compared with authentic 2,4-lutidinic acid as before (15) . Both the authentic and derivative 2,4-lutidinic acids had UV absor- Metabolism of CHMSA. The metabolism of CHMSA by extracts of phthalate-grown strain 12B was followed spectrophotometrically (Fig.  3) . When NAD+ was added to the cuvette containing CHMSA and cell-free extract, the absorbance maximum of CHMSA at 293 nm disappeared with the appearance of a new maximum at 310 nm (log e = 3.63). Addition of NaOH to give a pH of 13 caused the peak at 310 nm to be replaced with a new peak at 355 nm (log = 3.90). These spectra were identical to those reported for CHMA (at pH 7, Xm. = 310 nm [log £ = 3.62]; at pH 12.6, Xma. = 355 nm [log E = 4.00]; 17), which is the product expected after metabolism of CHMSA by an aldehyde dehydrogenase. The addition of equimolar quantities of NAD+ was not necessary for the reaction because there were high levels of NADH oxidase in the extracts which regenerated the NAD+.
CHMA was prepared on a large scale enzymatically from protocatechuate and isolated as its lactone (CHML) by diethyl ether extraction of the acidified reaction mixture. The white product isolated gave a positive hydroxamic acid test for lactones (18) . The UV spectrum of the product had maxima at pH 2 at 311 nm (log e = 3.62) and at pH 7 at 310 nm (log £ = 3.64). The PMR spectrum of the product in D20 (Fig. 4A) showed singlet protons 8H ppm 7.53 (1H,s) 7.91 (1H,s). This was similar to the PMR spectrum for this compound in CD30D in which resonances appeared at BH 7.09 (1H,s) 7.47 (lH,s) (4, 10) . The spectrum of CHML was compared with the PMR spectrum of the chemically synthesized lactone of 2-hydroxymuconic acid in D20 (Fig. 4B) Protons a and b were split by proton c, which replaced the carboxyl group of CHML and appears as a multiplet (split by both a and b) centered at 8 8.02 ppm. The mass spectrum of the product (Fig. 5A) showed the expected parent ion (p)+ at mle = 184 and major fragmentation products at mle = 139 (p -COOH)+ and 111 (p -COOH -CO)+. This spectrum was identical to that previously reported for this product obtained from the metabolism of CHMSA by P. ochraceae (10) and a metabolite isolated from culture filtrates of strain 12B grown with dimethylphthalate (4). It was compared here with the mass spectrum of the chemically synthesized lactone of 2-hydroxymuconic acid (Fig. 5B) in which the corresponding ions were present at mie = 140 (p)+, 95 (p -COOH)+, and 67 (p -COOH -CO)+. Metabolism of CHMA by extracts of phthalate-grown strain 12B occurred when MnCl2 was added to the cuvette containing CHMA and cell-free extract. The spectrum of CHMA disappeared without the accumulation of UV-absorbing products. This metabolism was also initiated by the addition of MgSO4 and inhibited by EDTA (data not shown).
Metabolism of protocatechuate by extracts of cells grown with carbon sources other than phthalate. The metabolism of protocatechuate by extracts of strain 12B grown on phthalate and on dibutylphthalate and by extracts of strain 12B-Cl grown on protocatechuate was followed spectrophotometrically (Fig. 6) . The spectral changes catalyzed by extracts of strain 12B grown on protocatechuate (Fig. 6A) were similar to those obtained for the metabolism of protocatechuate to CHMSA by extracts of phthalate-grown cells (Fig. 2) . Extracts of strain 12B grown with dibutylphthalate also catalyzed the formation of the meta-cleavage product ( in the cuvette containing extracts of strain 12B grown with protocatechuate [ Fig. 6A]) . Extracts of strain 12B-Cl grown on protocatechuate metabolized protocatechuate without the accumulation of UV-absorbing products (Fig. 6C) . Similar spectral changes were also observed with extracts of strain 12B-Cl grown with p-hydroxybenzoate (data not shown).
The possibility that the ortho-cleavage pathway was being used for the metabolism of protocatechuate by strains 12B and 12B-Cl was tested by using the Rothera (16) reaction to detect 1B-ketoadipate, the end product of the ortho-cleavage pathway. The incubation mixture contained, in a 10-ml test tube, 0.8 ml of 50 mM KH2PO4-NaOH buffer, pH 6.8, 0. CHMSA, the product of oxygenative ring cleavage between carbons 4 and 5 of protocatechuate (meta-cleavage). CHMSA was further metabolized, with the addition of NAD+, to CHMA. This reaction has been shown previously to occur in Rhodopseudomonas palustris (6), Pseudomonas putida (3), and P. ochraceae (11) . The CHMSA dehydrogenase, purified from the latter organism, was a dimer of molecular weight 35,000 which used either NAD+ or NADP+ as an electron acceptor, although activity with NADP+ was somewhat higher (11) . The product of this reaction catalyzed by Micrococcus sp. strain 12B was isolated, by acid-ether extraction of the reaction mixture, as its lactone, which appeared to be identical to that isolated by Maruyama (10) as the product of CHMSA metabolism by phthalate-grown P. ochraceae. Maruyama, however, thought that the lactone might be an actual intermediate in the phthalate metabolic pathway and not a product of the isolation procedure. Upon addition of Mn21 or Mg2+, CHMA was metabolized to a non-UV-absorbing product and finally to the a-ketoacids pyruvate and oxaloacetate. In P. putida and P. testosteroni, one of these divalent cations was required for the metabolism of CHMA to 4-carboxy-4-hydroxy-2-ketoadipate, which, when cleaved by an aldolase, yielded pyruvate and oxaloacetate (3, 17 (Tables 3 and 4) , and (v) inducible ortho-cleavage pathway enzymes that metabolize protocatechuate to P-ketoadipate (Table 3 and Fig. 6 ). The first four units, which constitute a complete pathway for phthalate ester and phthalate metabolism, have not been observed in Micrococcus sp. strain 12B-Cl and thus may be encoded on a plasmid, part or all of which is lost at high frequency during growth of strain 12B at elevated temperatures.
